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Introduction
The neuropeptide orexin (ORX: also known as hypocretin) is synthesized by neurons located exclusively in the hypothalamus, specifically in the perifornical, dorsomedial and lateral hypothalamus [1, 2] . Despite this circumscribed locus of ORX producing neurons, ORX projections are found throughout the central nervous system, but have particularly dense projections to certain structures such as the bed nucleus of the stria terminalis (BNST), paraventricular nucleus of the thalamus, and brainstem monoaminergic systems [3, 4] . Through these widespread projections, ORX is involved in many complex physiological, behavioral and emotional responses [for review [5] [6] [7] [8] [9] ]. ORX's role in emotional responses has recently become a focal point with emerging data demonstrating clinical correlates of the ORX system and depression [10] [11] [12] [13] and more recently anxiety disorders [14, 15] and addiction (for review [16, 17] ).
The role of ORX in eliciting anxiety-like behaviors has been demonstrated within multiple species including the hamster [18] , mouse [19, 20] , and rat [15, 21] , although not in all model systems (see [22] ). Activation of ORX neurons, and increased ORX gene expression has been demonstrated to occur after exposure to anxiogenic stimuli [20, 23, 24] and anxiolytic drugs block the increased activation of ORX neurons in response to anxiogenic stimuli [23] . Additionally, anxiety-like behaviors and activation of ORX-neurons in response to anxiogenic stimuli are reduced by ORX 1 receptor (ORX1r) antagonists, ORX gene silencing and in ORX deficient animals [15, 20] . Although, very little is known about the specific efferent targets of the ORX system that regulates anxiety-like behaviors, we have recently determined that systemically pretreating rats with an ORX1r antagonist blocks anxiogenic drug induced increases in cellular responses in the extended amygdala (i.e., BNST and central amygdala) [25] .
The BNST receives ORX projections from the dorsomedialperifornical and lateral hypothalamus [26] and has a dense population of Orexin fibers [3] and high expression of the ORX1r with little to no expression of the ORX2r [27, 28] . The BNST is also an important site for regulating anxiety-like responses [29] [30] [31] [32] [33] . Lesioning the BNST as well as blocking excitatory inputs to the BNST reduces anxiety-like measures in rats [34, 35] . Furthermore, pre-injecting an ORX1r antagonist into the Contents lists available at SciVerse ScienceDirect Physiology & Behavior j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / p h b BNST was effective as systemic administration in attenuating anxietylike responses to an anxiogenic challenge [15] . Thus, the BNST represents a potential efferent target site for ORX to increase anxiety states.
Increased anxiety-like responses occur with pharmacological manipulations in the BNST that produce postsynaptic excitation/depolarization [36, 37] . Previous reports show that ORX induces postsynaptic depolarization responses in multiple brain regions [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] . However, this has not been demonstrated to be the case with BNST neurons. Therefore, studying the effects of ORX-A on neuronal excitability in the BNST would be informative. A likely mechanism of ORX-induced depolarization and anxiety involves an interaction between ORX and glutamate. Glutamate is reportedly co-localized and is co-released with ORX in terminals of ORX neurons [50] . ORX reportedly potentiates glutamate's excitatory postsynaptic responses elsewhere in the CNS, and this potentiation has been demonstrated to be necessary for ORX's induction of behavior changes [51, 52] . Thus the objectives of this study were to determine the effects of infusing ORX-A into the BNST of rats on anxiety-like behaviors, demonstrate the electrophysiological effects of direct application of ORX-A onto BNST neurons and to determine if the anxiogenic effects of ORX-A in the BNST are mediated via activation of ionotropic glutamate receptors.
Material and methods

Animals
Adult male Sprague-Dawley rats (Harlan Laboratories, Indianapolis, IN) between 300 and 350 g were used for all behavioral experiments. All animals used for the electrophysiology were male Wistar rats (100-150 g) obtained from Harlan Laboratories (Indianapolis, IN). The animals were individually housed in a temperature-controlled room (22°C), and kept on a 12-h light-dark cycle (lights on at 07:00) with free access to food and water. All procedures were performed according to NIH Guidelines for the Care and Use of Laboratory Animals (NIH Publication no. 80-23, revised in 1996) and according to the guidelines of the Indiana University Purdue University at Indianapolis Institutional Animal Care and Use Committee.
Surgical techniques
Rats were anesthetized by placing them in a Plexiglas box connected to an isoflurane system (MGX Research Machine, Vetamac, Rossville, IN). The animals were then placed on a stereotaxic instrument (Kopf Instruments, Tujunga, CA) with the incisor bar set at −3.3 mm and kept under a constant flow of 3-4%v isoflurane through a Plexiglas nose cone. Rats were implanted unilaterally as described previously [36] with a microinjection guide cannula (26 gage) directed towards the BNST (AP −0.24 mm, ML ±1.4, DV −6.8) or septum (AP-0.24 mm, ML ±0.8, DV −5.2) according to the brain atlas of Paxinos and Watson [53] . All rats were given a minimum of 4 days recovery prior to behavioral testing.
Drugs/compounds
Drugs were delivered bilaterally through an injector cannula (33 gauge) fitted to extend 1 mm beyond the guide cannula. Infusions into the BNST were in a total volume of 100 nl delivered over 1 min and injectors were left in an additional 1 min to allow for diffusion. The drugs used were Orexin A (catalog #1455; Tocris) 300 pmol/ 100 nl (within the dose range used in Orx-A measures of anxiety) [21] , where Vehicle is 1% BSA, which increases the efficiency of peptide delivery [54] , AP5 (catalog #A8054; Sigma), 10 pmol/100 nl with Vehicle 0.9% saline, CNQX (catalog #C239; Sigma), 250 pmol/ 100 nl with Vehicle 0.9% saline (Doses used to block anxiety/panic like behaviors in rats) [55] , and DNQX (catalog #D0540; Sigma), 250 pmol/100 nl with Vehicle 0.9% saline.
Behavioral tests
Elevated plus maze test (EPM)
The EPM, as described previously [36] was another validated test of anxiety used in this study. It is made of a black Plexiglas apparatus (Hamilton Kinder, San Diego, CA) that consists of two open arms and two closed arms each 50.17 cm long and 10.8 cm wide. The closed arms have walls that are 40.01 cm high. The entire apparatus is elevated 100 cm above the ground on a square aluminum base. Testing time is 5 min and anxiety is measured by the amount of time the rat spends in the closed versus open arms. Test sessions were video recorded from above and scored by two independent scorers.
The social interaction (SI) test
The SI test originally described by File [56] , has been modified by our lab and was utilized to measure anxiety-like responses [57] . The SI box itself is a blue painted Plexiglas open top box with dimensions of 91.44 cm L × 91.44 cm W × 30.48 cm H. Prior to any behavioral SI testing, all rats underwent a 5 min individual habituation to the SI box. A baseline testing with an unfamiliar partner rat was obtained at least 48 h prior to initiation of treatment. The SI procedure consists of placing the experimental rat in the SI box with another unfamiliar (age, weight, sex matched) conspecific for a 5 min session. SI tests were performed 30 min following the last drug injection (ORX-A). The partner rats are untreated and did not undergo surgery, and so the test rat was clearly distinguished from the partner rat by the visible presence of the guide cannula. Baseline and test sessions were done under a low light (40 watt red light) and video recorded from above. The videotaped sessions were scored at a later time by an investigator blinded to treatment conditions (PM). SI time was measured as the amount of time, in seconds, that the experimental rat spends engaging in non-aggressive physical investigation (sniffing) of the partner rat. Aggression, climbing over and non-physical contact behaviors were not scored as social interaction time. Repeated SI test sessions were always separated by at least 48 h and always involved a novel partner.
Histology
After the conclusion of each experiment rats were sacrificed and the location of injection sites was determined using Nissl-stained 30 μm coronal sections through the BNST at 5× magnification. Data from rats with injection sites outside of the intended region of interest were not included in the behavioral analysis, except when the medial septum was targeted. See Fig. 1 for parameters of accepted injection sites.
Patch-clamp procedures
The animals were decapitated after isoflurane anesthesia (Abbott Laboratories, North Chicago, IL). The brains were rapidly removed and placed in ice-cold, oxygenated (95% O 2 /5% CO 2 ) artificial cerebrospinal fluid (ACSF) with the following composition (in mM): 130 NaCl, 3.5 KCl, 1.1 KH 2 PO 4 , 1.3 MgCl 2 , 2.5 CaCl 2 , 10 Glucose and 30 NaHCO 3 . Coronal brain slices (350 μM) containing the BNST were obtained using the standard procedures [58] . Slices were incubated in oxygenated ACSF at room temperature for at least 1 h prior to recording. Then, they were transferred to a submersion-type slice chamber mounted on the stage of a Nikon E600FN Eclipse microscope (Nikon Instruments Inc., Melville, NY) and perfused at a rate of 1-2 ml per min with ACSF heated to 30°C. Whole-cell patch-clamp recordings were obtained using standard techniques with borosilicate glass electrodes (resistance 3-6 MΩ, WPI, Sarasota, FL) filled with a potassium gluconate based recording solution with the following composition (in mM): 140 K-gluconate, 2 KCl, 3 MgCl 2 , 10 HEPES, 5 phosphocreatine, 2 K-ATP, 0.2 Na-GTP adjusted to pH 7.3 with KOH, and having an osmolarity of 290-295 mosM.
Whole cell recordings were made with a Multiclamp 700B amplifier (Molecular Devices, Sunnyvale, CA) using pClamp 10.2 software and a Digidata 1322A interface (Molecular Devices, Sunnyvale, CA). The holding potential for experiments was − 60 mV. ORX-A was applied directly into the ACSF at a final concentration of 200 nM, a concentration of Orx-A reported to induce depolarization [40, 45] . The following drugs were obtained from (1) Sigma-Aldrich (St. Louis, MO): K-gluconate, KCl, MgCl 2 , HEPES, NaCl, KH 2 PO 4 , CaCl 2 , glucose, NaHCO 3 , KOH, phosphocreatine, K-ATP and Na-GTP, and from (2) R&D Systems Inc (Minneapolis, MN): Orexin A.
Data analysis and statistics
Statistical analysis of behavioral data
The dependent variables (behaviors) analyzed for the EPM were duration and distance traveled in each area of the maze. These values were compared independently between vehicle-injected rats and ORX-A injected rats using a Student's t test. The dependent variable for SI tests was the duration of interaction. These values were compared (e.g. comparison to baseline) using a paired t test (when only baseline and treatment were compared within a single group), repeated measures one-way ANOVA or a repeated measures two-way ANOVA when warranted. In the presence of significant main effects, Bregma -0.00 mm Bregma -0.48 mm Bregma -0.24 mm post-hoc pairwise comparisons were conducted using Dunnett's to compare back to baseline values and Tukey's HSD tests between groups. The confidence level for significance in all tests was set at p b 0.05.
Statistical analysis of patch-clamp study
Data from patch-clamp experiments were acquired and analyzed using pClamp 10.2 (Molecular Devices, Sunnyvale, CA). Statistics and graphs were produced using GraphPad Prism 5.0 (GraphPad Software, La Jolla, CA). Statistical significance for mean comparisons before, during and after drug application within groups was determined by the repeated one-way ANOVA with Dunnett's post-hoc analysis. The confidence level for significance in all tests was set at p b 0.05.
Results
ORX-A injections into the BNST on anxiety-like behaviors
The first set of experiments was designed to determine if increasing ORX-A in the BNST is sufficient to induce anxiety-like behaviors. The reduction in SI time induced by ORX-A injections into the BNST was also selective to the BNST and not the medial septum. In a separate group of rats, ORX-A injections into the BNST (n = 8, 300 pmol/100 nL) but not the medial septum (n =9, 300 pmol/100 nL) significantly reduced SI time compared to baseline (t =2.84, p =0.025, Fig. 2C ). Additionally, rats injected with ORX-A into the BNST had significantly lower SI compared to rats injected with ORX-A into the medial septum (t=2.14, p =0.049). Thus in three separate groups of rats and across 2 different anxiety tests, ORX-A injections into the BNST are sufficient to increase anxiety-like behavior in rats.
Effect of ORX-A on BNST neurons
The effect of direct application of ORX-A on the membrane potential of BNST neurons was investigated using whole-cell patch-clamp in current clamp mode. ORX-A (200 nM), when applied to BNST slice was sufficient to induce depolarization and in some BNST neurons this lead to generation of action potentials (Fig. 3A and B) . In the presence of ORX-A and during the washout, membrane potential of BNST neurons was significantly different compared to control (baseline) values [n= 6, repeated measures ANOVA F 2,10 = 67.79 p = 0.0001, Dunnett's (ORX-A) q = 11.53, p b 0.001, (Wash) q = 4.37, p b 0.01; Fig. 3C ]. This depolarization of the membrane potential peaked during ORX-A application (increase of 6.05 ± 0.67mv, mean ± SEM) and remained elevated during the wash (increase of 2.07 ± 0.67mv, mean ± SEM), with the membrane potential being significantly greater during the ORX-A application than during the wash (Tukey's q = 10.13, p b 0.001).
Role of ORX-A and glutamate receptor interactions in the BNST on anxiety-like behavior
Considering ORX has been demonstrated to potentiate glutamate responses in other brain regions via interactions with glutamate receptors [N-methyl-D-aspartate-type receptors (NMDAr) and AMPAtype receptors (AMPAr)], the extent to which anxiety-like behaviors induced by BNST injections of ORX-A requires interaction with NMDA or AMPArs was investigated. Rats (n = 11) were injected unilaterally into the BNST with AP5 (10 pmol/100 nl), CNQX (250 pmol/ 100 nl) or Vehicle (0.9% saline, 100 nL), 10 min prior to a unilateral injection of ORX-A (300 pmol/100 nL) through the same guide cannula, and SI times were observed 30 min after ORX-A injection. Between injections and before the SI test, rats were replaced into their home cages and kept in a separate staging room from where the SI testing occurred. This process was repeated every 48 h until all rats received all three pre-ORX treatment conditions; the order of the pre-ORX treatments was counterbalanced. As observed previously (Fig. 2B) , ORX-A injections into the BNST significantly reduced SI times, compared to baseline, when rats were injected with Veh prior to ORX-A (RM ANOVA F 3,30 = 3.05, p = 0.044; Dunnett's q = 2.62 p b 0.05, Fig. 4A ). Pre-injection of CNQX prior to ORX-A, attenuated the ORX-A induced reduction in SI time compared to baseline (Fig. 4A) . Furthermore, injection of AP5 completely blocked the ORX-A induced reduction in SI time; with SI times being significantly greater in AP5-ORX-A injected rats compared to Veh-ORX-A injected rats (Tukey's q = 3.70, p b 0.05). In 2 subsets of the above rats, the consequence of injection of CNQX (n = 5) or AP5 (n = 5) alone 10 min prior to Veh (1% BSA) on SI time was analyzed. Here neither CNQX-Veh nor AP5-Veh altered SI times compared to baseline (p ≥ 0.294, Fig. 4B ). To further clarify if the attenuation of BNST ORX-A injections-induced reductions in SI time was a result of CNQX action at the AMPA receptor and not a non-selective NMDA receptor effect, the above experiments were repeated in a new set of rats (n = 9) using unilateral BNST injections of DNQX (250 pmol/ 100 nL). Again, Veh-ORX-A injections into the BNST significantly reduced SI times compared back to baseline or DNQX-Veh (RM ANOVA F 3,18 = 4.05, p = 0.033; Dunnett's q ≥ 2.80 p b 0.05, Fig. 4C ). DNQX (250 pmol/100 nL) into the BNST 10 min prior to ORX-A injections minimally attenuated this reduction since SI times in DNQX-ORX rats were no longer significantly reduced compared to baseline, even though they were not significantly increased compared to Veh-ORX rats either.
Discussion
ORX has been demonstrated to play a role in anxiety in multiple species including the rat, mouse, hamster and human [15, [18] [19] [20] [21] . The anxiety-modulating effects of benzodiazepines and selective serotonin reuptake inhibitors have recently been suggested to have influence over the ORX system that correlates with anxiety-like behaviors Neither CNQX nor AP5 altered SI times compared to baseline. In (C) the ability to block the anxiety-like responses of BNST ORX-A injections, by an AMPAr antagonist, DNQX, with less affinity for the NMDAr than CNQX, was investigated. Presented in (C) are mean (± SEM) SI times (n = 5, repeated measures, counter balanced design) at baseline (gray bar), and following BNST injection of the AMPAr antagonist DNQX followed by Veh (DNQX-Veh, gray striped bar), Veh followed by ORX-A (Veh-ORX, solid bar), and DNQX followed by ORX-A (DNQX-ORX, thin black striped bar). Again, Veh-ORX rats, but not DNQX-Veh or DNQX-ORX, had significantly reduced SI times compared to baseline (* p b 0.05). [23, 59 ]. Yet few studies have investigated the potential sites through which ORX targets may induce anxiety. Previous work from our laboratory demonstrated that anxiety-like responses to a systemically delivered panicogenic stimulus could be blocked by placing an ORX1r antagonist directly into the BNST, suggesting that one of the sites responsible for regulating panic/anxiety-like behavior is the BNST and that ORX is a key neural substrate in this process [15] . Here we further support ORX's regulation of anxiety occurring through the BNST by demonstrating that placing ORX-A into the BNST is sufficient to induce anxiety-like behavior in two different validated anxiety tests; the EPM and SI tests. In regards to the SI test, increased anxiety-like behavior by injections of ORX-A into the BNST was replicated multiple times within the current study, and this anxiogenic effect of ORX-A appears to be regionally selective as injections that were dorsal and medial to the BNST (within the medial septum) that failed to induce anxiety-like responses. Similar anxiogenic responses to ORX are reported following other site-directed injections of ORX. Injections of ORX into the paraventricular nucleus of the thalamus in rats and the central amygdala of hamsters induced anxiety-like behavior in the elevated plus maze [18, 21] . Interestingly, both of these loci are related via either proximity (paraventricular nucleus of the thalamus, caudal/medial border of caudal BNST) or function (central amygdala and BNST collectively form the extended amygdala) to the BNST. So, there could well be a network of sites modulated by ORX input that are capable of enhancing anxietylike responses. ORX-A has affinity for both the ORX1r and ORX2r, and in this study, selectivity of action for these receptors was not systematically investigated. However, it is likely that the anxiogenic effect of ORX-A, within the BNST, is primarily via the activation of ORX1r. As stated above, antagonizing ORX1r specifically in the BNST completely blocked the anxiety-like behaviors induced by systemic anxiogenic challenges [15] . Furthermore, the ORX1r has been shown, via gene expression profiles, to be the predominant ORX receptor [28] or the only ORX receptor expressed in the BNST [27] . However, the involvement of the ORX2r in BNST regulation of anxiety has not been systematically tested and thus the involvement of ORX2r cannot be ruled out at this time.
In the BNST, ORX-A also likely induces anxiety-like behaviors via a direct enhancement of excitatory mechanisms on BNST neurons. Here we demonstrate for the first time, to our knowledge, that ORX-A produced depolarization and in some cases action potentials in BNST neurons. These effects were long-lasting as the depolarization continued for several minutes after the ORX-A was removed. Similar depolarizing effects of ORX-A have been reported in multiple brain regions including, brain stem, midbrain, diencephalic and telencephalic structures [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] . ORX-A induced depolarization has been linked to increased protein kinase C activity [41, 47, 52, 60] , phospholipase C activity [41, 52, 61] , cation influx [47, 49, 62, 63] , as well as increased intracellular Ca 2+ [40, 41, 64] . In some cases ORX-A induced depolarization may be mediated via indirect action and is likely a result of increased glutamate release [39] . The present data suggest that glutamate and ORX interaction may be necessary for ORX-A's anxiogenic effects in the BNST. Induction of anxiety by ORX-A into the BNST was completely blocked by pre-treating the BNST with the NMDAr antagonist AP5, while pretreatment with AMPAr antagonists produced an attenuation, but not complete blockade of the ORX-A induced anxiety, suggesting an interaction between ORX-A and the glutamatergic system in the BNST with a stronger role for NMDAr and an inconclusive role of the AMPAr. Similarly, ORX-A in the ventral tegmental area has been demonstrated to potentiate neuronal responses to endogenous glutamate release, and ORX1r antagonism reduced VTA neuronal activity [51, 52] . Glutamate and ORX interactions in the VTA were also demonstrated by Borgland and colleagues [52] , where they reported ORX-A rapidly potentiated NMDAr-mediated neurotransmission, via ORX1r, PLC/PKC dependent insertion into synapses. In this same study, ORX-A application had no effect on AMPAr-mediated neurotransmission 15 min after application, but did result in potentiation of AMPAr-mediated currents 3-4 h after application [52] . The AMPAr antagonists' partial blockade of BNST-ORX-A induced anxiety may suggest that in the BNST ORX-A induced changes in AMPAr mediated events may start as early as 30 min after application.
At this point the source of the glutamate that interacts with ORX-A in the BNST to produce anxiety-like effects is unclear. One potential source of glutamate for this interaction is from the ORX neurons themselves. Evidence for glutamate and ORX co-localization and co-release from ORX terminals has been reported in the locus coeruleus [50] . Thus it is possible that ORX neurons originating from the hypothalamus and projecting to the BNST also contain both ORX and glutamate. These BNST projecting ORX neurons may be activated at a low frequency by cues for increased vigilance, possibly leading only to release of glutamate. However, when the cue signals something beyond increased vigilance and becomes anxiogenic, the BNST projecting ORX neurons may respond with high frequency activation, required for release of neuropeptides (for review see [65] ), then both glutamate and ORX could be co-released onto BNST neurons. The result on the post-synaptic BNST neurons would be ORX induced potentiation of glutamate responses to produce a potent depolarization leading to the expression of anxiety-like behaviors.
